GABAergic mechanisms have been shown to contribute to cognitive aging in animal models, but there is currently limited in vivo evidence to support this relationship in humans. It is also unclear whether aging is associated with changes in GABA levels measured with proton magnetic resonance spectroscopy (MRS). Spectral-editing MRS at 3 T was used to measure GABA in the dorsal anterior cingulate cortex (dACC) for a large sample of healthy volunteers (N = 229) aged 18-55. In a subset of 171 participants, age effects on several cognitive tasks were studied. We formally tested whether the MRS measures mediated the relationship between age and cognition. Robust associations of age with performance were found for the Wisconsin Card Sorting Test ([WCST], p < 0.0001). Age was also significantly associated with declining levels of GABA in the dACC (p < 0.001), and GABA levels significantly predicted WCST performance (p < 0.0004). Mediation analysis revealed that GABA in the dACC mediated the effect of age on WCST performance (p < 0.01). Other metabolites were similarly associated with age, but only GABA and creatine levels were significantly associated with WCST performance. No association with age or cognitive performance was found in a frontal white matter control region in a subset of participants. The association of GABA with WCST performance was not related to the amount of brain atrophy associated with aging as measured by the proportion of CSF, gray, and white matter in the MRS voxel. These results implicate GABAergic and possibly energetic metabolism in the dACC as mechanisms of age effects in executive function.
INTRODUCTION
Cognitive aging is likely a multifactorial phenomenon with complex biochemical-structural underpinnings. Defining the mechanisms that contribute to cognitive aging is critical in order to find targets for treatment and prevention of cognitive disorders that are age-associated, but may also offer insights into major mental illness that may be impacted by accelerated aging [1] and into the pathogenesis of dementia [2] . Alterations in inhibitory mechanisms and cortical excitability are thought to play a role in cognitive aging, but this is based primarily on evidence from animal models and poorly translated to human. Critically, the basic mechanisms of this alteration remain unknown, with partly contradictory findings. For example, a rich body of work has shown that, in rodent models, altered spatial memory occurring with age is accompanied by a reduction in the number of interneurons expressing the gamma-amino-butyric acid (GABA) synthetic enzyme glutamic acid decarboxylase (GAD) in the medial temporal lobe [3] , and by a host of neurophysiological changes indicative of reduced GABAergic transmission both at GABA-a and GABA-b receptors [4] . Studies in visual cortex of cats [5] and monkeys [6] are also consistent with reduced GABAergic neuron number and function, respectively.
These results in medial temporal lobe and occipital cortex contrast with findings in the prefrontal cortex, where aging in rats is associated with increased GAD protein expression [7] , reduced GABA transporter, and increased GABA-b receptors [8] .
In post-mortem human brain, reductions of GABA-related mRNA transcripts with advancing age have been reported [9] [10] [11] [12] in microarray studies, but these findings have not been supported by the existing RNA-sequencing (RNAseq) studies [13] [14] [15] , with the exception of Dillman et al. [16] . This discrepancy may depend on the much higher statistical bar for differential expression in RNAseq studies as compared to microrrays (due to the increased number of transcripts explored), the lack of a specific hypothesis limited to GABA-related transcripts or the derivation of a subset of age-sensitive transcripts from other tissues where genes expressed primarily in neurons may be underrepresented [13, 14] .
There is generally little in vivo data to support or refute the available animal and post-mortem data. GABA levels measured with magnetic resonance spectroscopy (MRS) in vivo [17] may be useful in supporting or refuting the role of GABA in aging. Current evidence derived from measurements conducted in the dorsal anterior cingulate cortex (dACC) supports a decline of GABA levels with age in vivo [18] [19] [20] , although others [21] [22] [23] [24] found no change, and one study found an increase [25] . Porges et al. [19] also assessed the functional consequences of reduced GABA levels with age, showing that cognitive decline in the 50-90 age range is associated with reduced GABA levels.
We hypothesized not only that GABA levels in the prefrontal cortex would be associated with cognitive abilities and age, even before age 55, but also that they would statistically mediate the relationship of age with cognitive function. We also hypothesized that this effect would be independent of brain atrophy and would be specific to GABA as compared to other metabolites measured in the same region. We also predicted that the same effect would not be found in a control region (the adjacent white matter (WM)), where GABA levels should not be critical to tissue function. We tested these hypotheses in the largest sample of healthy volunteers to date (N = 229) acquired with in vivo GABA MRS. Of these participants, at least 141 also received a comprehensive cognitive assessment yielding six cognitive dimension composite scores and a measure of general cognitive ability.
METHODS

Participants
The 229 healthy volunteers (mean age = 30 ± 9.2 [standard deviation; SD] years, range 18-54 years; 127 females) participated in Institutional Review Board-approved protocols 95-M-0150 (NCT00001486) and 00-M-0085 (NCT00004571) between February 2008 and May 2015. Subsets of this data collection were used for previous reports on genetic association of GABA levels [26, 27] , or on GABA abnormalities in schizophrenia [N = 183 controls [28] ]. All gave written informed consent and had MRS data that survived our stringent quality control [28] (Supplementary Material). Exclusion criteria were as follows: current or prior psychiatric history (assessed by a Structured Clinical Interview for DSM Disorders); substance abuse; use of psychotropic medication at the time of the scan; contraindications to magnetic resonance imaging (MRI); history of head trauma; abnormalities of the brain on MRI; Wechsler Adult Intelligence Scale intelligence quotient (IQ) > 70 (WAIS IQ) or learning disability history; positive toxicology for common drugs of abuse; and medical conditions affecting brain perfusion and function.
Cognitive variables Participants completed a comprehensive battery of cognitive tests [29] . Here we examined composite scores derived from this battery for six cognitive dimensions-verbal memory, working memory performance on the N-back task, visual memory, processing speed, performance on the Wisconsin Card Sorting Test ([WCST], a measure of executive function), and digit span. We also examined a four-subtest estimate of WAIS IQ [30] as a proxy for broad cognitive ability.
MRS variables MRS acquisition. Metabolite concentrations were collected with single-voxel MRS on a 3 T GE scanner using a quadrature transmitreceive head coil. To position the spectroscopic voxels, high resolution T1 structural images were acquired using a threedimensional spoiled gradient (SPGR) pulse sequence (TR = 24 ms, TE = 3.2 ms, flip angle = 17°, in-plane resolution = 0.9 × 0.9 mm 2 , 192 × 256 matrix, field of view 240 mm, and slice thickness 2 mm). MRS spectra were acquired from two voxels, each measuring 2 cm × 2 cm × 4.5 cm (18 cm 3 ). One voxel included mainly gray matter (GM) of the anterior cingulate and medial prefrontal cortex. The structural image that served to localize the voxel was first tilted in order to be parallel to the anterior portion of the corpus callosum. The GM voxel was then placed such that it symmetrically straddled the midline, with its anterior edge aligned to the genu of the corpus callosum, and its lower bound just above the corpus callosum ( Fig. 1) . In a subset of participants (N = 113), a second voxel was placed adjacent to the first, in the right frontal WM (Supplementary Material and Fig.S1 ).
An interleaved PRESS-based J-editing method was used [31] . Each voxel was scanned 784 times (384 × 2 interleaved + 16 water reference scans) with a TE of 68 ms and a TR of 1.5 s. In all, 384 water-suppressed acquisitions were collected with the "editing pulse" on (1.89 ppm), another 384 with the editing pulse off (20.3 ppm), and 16 with no water suppression.
MRS data processing. Preprocessing of MRS data was described in Geramita et al. [31] and is detailed here in Supplementary Materials. After spectral fitting, using the averaged "editing-pulseoff" signal, model functions for the choline (Cho), creatine, and Nacetyl-aspartate (NAA) peaks were fitted using fixed relative frequency separations based on literature values and a shared lineshape. Similar assumptions were applied to determine the frequency positions of GABA+ and Glx in the "difference" spectrum. The processing yielded arbitrary, unscaled values for GABA+, partially co-edited Glx, Cre, NAA, and Cho. The GABA peak in the difference spectrum contains 40% macromolecules [32] , and will therefore be referred to as GABA+.
Metabolites derived from the J-edited sequence were referenced to Cre as well as to water. Our primary measure of interest was the ratio of GABA to Cre. Determination of the water signal is described in the Supplementary information.
Determination of voxel tissue composition. We segmented the SPGR structural scans using SPM5 [33] . In the output image, each voxel was given a grayscale intensity that labeled it as cerebrospinal fluid (CSF), GM, or WM. The percent tissue makeup of the spectroscopy voxel was extracted using software written in-house in IDL. The percentage of GM in the tissue (GM/ tissue) was calculated by dividing GM by the sum of GM and WM.
Statistical analysis
Cognitive variables. Because our main focus was on investigating how age-related changes of GABA+ might affect cognitive decline, we first determined which cognitive variables were robustly associated with age in the current sample. Backward stepwise multiple regression models using age, sex, and years of education as independent variables were run for each of the seven cognitive variables, allowing for all two-way interactions, removing effects when p > 0.1 and forcing the main effects of Fig. 1 Location of the gray matter voxel (red) and representative "difference" spectrum. The voxel shown here is the average location of all individuals after registration to MNI space [see ref. [28] for details]
independent variables in the model. All two-way interactions that were highly collinear with one of the main effects (tolerance value < 0.1 or variance inflation factor > 5) were removed from the model to improve interpretability of the data. If the overall model and the effect of age were significant beyond a conservative multiple comparison correction (p < 0.007 because we regressed age on seven cognitive scores), the cognitive variable was retained for further analysis of the effects of GABA+.
Relationship of GABA to age and cognition. Outliers (defined as values > 3 SDs from the mean) from all variables of interest were excluded prior to any analysis. The effects of age, sex, and %GM/ tissue on GABA+/Cre were explored with a backward stepwise multiple regression model, similar to the models described above for the cognitive variables. The same statistical strategy was used to assess the relationship of GABA+/Cre to cognitive performance, using age and sex as covariates.
Tests of specificity Specificity of GABA+/Cre vs. other metabolites: To test the specificity of the relationship of age to GABA+/Cre as compared to other ratios, similar multiple regression models as described above were run for each metabolite ratio (NAA/Cre, Cho/Cre, and Glx/Cre), and the 95% confidence intervals (CIs) of the normalized regression coefficients (beta) for age were compared to each other. Absence of overlap in the 95% CIs was considered as evidence of specificity. To test the specificity of the relationship of GABA+/Cre to cognition, all the other metabolite ratios were added to the model predicting WCST performance, using backward stepwise multiple regression, as above.
Specificity of ratios to creatine vs. ratios to water: Similar statistics as mentioned above for ratios to Cre were calculated for ratios of all metabolites to water. Ratios to water provide an important confirmation of the directionality of findings for ratios to Cre. Similar directionality of both ratios to Cre and water is usually supportive of the numerator being mainly responsible for the finding, while opposite directionalities of the metabolite ratio to Cre and Cre/water support an effect of creatine.
Specificity of region of interest: Regional specificity was tested by applying the same analytic procedure as above for GABA+/Cre to the subset of individuals with WM measures.
Specificity with regards to overall tissue changes: Because sulcal widening occurs with age has been associated with declining cognitive performance [34] , and our voxel straddled the midline, we tested for the association of CSF, GM, and WM content of the measurement voxel with age and cognition (again with the same backward stepwise regression already described).
Mediation analysis. Mediation analysis provides an approach for testing whether the effects of an independent variable on a dependent outcome of interest are transmitted through intervening variables or "mediators" [35] . Here GABA+/Cre was further investigated as a possible mediator of the age-cognitive associations that survived multiple comparison corrections (p < 0.007) via mediation analysis [35] . The dependent variable was the cognitive variable of interest, and the independent variables were age and GABA+/Cre. We tested for the significance of the indirect mediation effect using PROCESS for SPSS [36] ; version 2.16, released July 2016 (http://processmacro.org/download.html). Further information on this statistical procedure is in Supplementary Material.
PROCESS uses an ordinary least squares-based path-analytic framework for estimating direct and indirect effects in mediator models. Bootstrapping (resampling) is used to generate nonparametric CIs for inference about indirect effects, including various measures of effect size. Using PROCESS, we generated 99% CIs for the indirect effect based on 5000 bootstrap samples. Table 1 .
RESULTS
Subject descriptors and MRS values for the sample are shown in
Association of cognitive variables with age
The number of subjects with cognitive data varied between 141 for the visual memory and 176 for the processing speed scores. The subsample with available cognitive data did not differ from the rest of the sample in terms of age (p = 0.72), years of education (p = 0.22), sex (p = 0.28), or race (p = 0.07). In this sample, the standardized composite score derived from WCST performance (including correct trials, categories achieved, and perseverative errors) was the only cognitive variable that was significantly associated with age after correction for multiple comparisons (N = 171, adjusted R 2 = 0.074, overall p < 0.002, univariate p for age < 0.0002). IQ and N-back scores were nominally associated with age [p = 0.03], but the result did not survive correction for multiple comparisons. All other p values for the univariate effect of age were >0.41. The statistical significance of the relationship between WCST score and age persisted even when only individuals who had complete scores on all cognitive variables (N = 134, effect of age p < 0.003) were considered, and WCST performance remained the only significant variable in this subset analysis.
Association of GABA+/Cre with age and cognition GABA+/Cre was significantly associated with age (β = −0.29, p = 0.00001, with sex and %GM/tissue included in the model, Table 2 ) and with WCST performance (β = 0.19, p = 0.01, age and sex included in the model, Table 3 ).
Tests of specificity Table 2 shows the relationship to age of all metabolite ratios. All ratios to Cre with the exception of Cho/Cre were significantly Years of education and WAIS IQ are reported to provide a general description of this sample. WAIS IQ was estimated based on four subtests of the Wechsler Adult Intelligence Scale. N = number of subjects for which the information was available or who were included in the study after outlier removal. There were four outliers identified for %CSF and one for GABA/Cre. Means and SD of the factors do not conform to an interpretable scale because of various transformations applied to the data to achieve normal distribution. CSF cerebrospinal fluid content in the MRS voxel (four statistical outliers rejected), GM/tissue proportion of gray matter in the MRS voxel, Cre creatine
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negatively associated with age and accounted for between 8 and 11% of the variance in age. Table 3 summarizes the association of metabolite ratios to WCST performance (dependent variable). When all the ratios were entered in the model, GABA+/Cre was the only metabolite to have a statistically significant association with WCST performance. The 95% CIs of the standardized regression coefficient overlapped across metabolite ratios, indicating limited specificity of GABA+/Cre vs. the other metabolite ratios. Tables S1 and S2 illustrate the association of metabolite/water ratios with age and WCST performance, respectively. GABA +/water was related to age with the same directionality as GABA+/Cre; however, this association was less significant than GABA+/Cre (β = −0.15, p = 0.02). Cre/water was positively associated with age (β = 0.13, p = 0.04, Table S1 ). GABA+/water and Cre/water were significantly associated with WCST performance independently of each other, since their 95% CIs did not overlap (Table S2 ). The CIs of the other metabolites referenced to water, however, did overlap with both GABA+/water and Cre/water, again indicating limited specificity.
In the WM subsample (demographics in Table S3 ), GABA+/Cre was associated with age (β = −0.24, p = 0.009) but not with WCST performance (β = −0.12, p = 0.25). The latter does not support a role for WM GABA+/Cre in decline of WCST performance related to aging.
The proportions of CSF and GM in the MRS voxel were oppositely associated with age (Table S4 ), but were not associated with WCST performance (p > 0.78, Table S5 ), indicating that tissue composition alone could not explain significant portions of the variance in WCST performance beyond that explained by age alone. A model with WCST as the dependent variable and sex, age, GABA+/Cre, CSF, and GM fractions as independent variables, was significant (adjusted R 2 = 0.12, F (5,162) = 5.4, overall p = 0.0001), and GABA+/Cre was the only variable to be statistically significant above and beyond the other independent variables (β = 0.22, partial η 2 = 0.047, p = 0.005). The tissue fractions all had p > 0.06. This is evidence for an association of GABA+/Cre with WCST performance, independent of overall tissue changes.
Mediation analysis GABA+/Cre was associated both with age and with cognitive performance on the WCST. We therefore used formal mediation analysis to test whether GABA+/Cre mediated the effect of age on the WCST factor. The model including both age and GABA+/Cre was significant (F[2,168] = 9.42, p = 0.0001), accounting for approximately 10% of the variance in WCST performance (R 2 = 0.101). The direct effect of age was reduced by the inclusion of GABA+/Cre in this model, but remained significant (t[170] = 2.30, p = 0.02). The indirect effect of age mediated through GABA+/Cre on WCST was significant p < 0.01 (i.e., the 99% CIs did not overlap For the overall model: adjusted R 2 = 0.1, F (6,164) = 4.1, p = 0.0007. No twoway interactions were significant. Significant findings in bold.
zero: effect = −0.0061, SE = 0.0027, 99% CI: −0.016 to −0.001).
The estimated R 2 for the indirect effect of GABA+/Cre was 0.029 (SE = 0.016, 99% CI: 0.004 to 0.094). These results indicate that a significant mediation effect occurred. Figure 2 summarizes these results.
DISCUSSION
In 229 healthy volunteers aged 18-55 (mean 30 + 9.2), we found that measures of GABA in the dACC decrease with age. In a subset of 171 subjects, age was associated with reduced performance on the WCST. The WCST is a problem-solving task, thought to index executive function, in which the subject must adapt dynamically to ongoing feedback in order to correctly assign cards to categories (color, shape, or number) that shift unpredictably during task performance. This task has been found to be sensitive to damage to the frontal lobe and has been associated with brain activation in multiple cortical areas, including the ACC [37] . GABA/ Cre in the dACC was also associated with WCST performance and statistically mediated the effects of age on WCST performance.
Association of cognitive variables with age
The existence of age effects on WCST performance is well established [38] . Other cognitive variables, including processing speed and verbal memory, were not significantly associated with age in our study cohort. Several factors in addition to stringent multiple comparisons corrections likely account for this. First, the sample had a restricted age range (18-54 years, with two-thirds of the sample between 20 and 39), and it may be that the WCST is more sensitive than other cognitive measures to age-related performance changes within this age range [39] . Also, we excluded individuals with IQ < 70, evidence of learning disabilities, and/or age-related brain abnormalities, such as WM hyperintensities, all of which might account for some age-related cognitive decline in an unselected sample.
Effects of age on metabolites Both our measures of GABA+ decreased with advancing age. This is consistent with findings by Gao et al. [18] for GABA+/Cre, and those of Rowland et al. [20] for GABA/water, but not with those of others [22, 24, 25] for GABA/water. The most significant difference between our study and the ones mentioned above may be in the age-based correction of the T2 of water that we applied. We show here (see Supplementary Material) that the T2 of water declines significantly with age in GM; this observation has important implications for all MRS signals reported as ratios to water (sometimes referred to as "absolute" values) since this approach would result in inflated estimates of metabolite concentrations at older ages. Had we not performed the correction for age-related decline in T2 of water, GABA+/water would not have been associated with age in a statistically significant manner (results not shown). It is important to note that the T2 of water has been reported to increase with age using imaging methods such as turbo spin echo or gradient recalled sequences [40, 41] . We used the same spectroscopic PRESS sequence for the water T2 calculation and for the metabolite determination. Spectroscopic sequences may be weighted toward T2*, which has been shown to decrease with age [40, 42] , and may therefore be a more suitable method for correction of T2 of water in MRS studies.
Associations of GABA with cognition Here we observed a statistically significant association of GABA +/Cre with WCST performance, accounting for about 6.2% of the variance, which survived covariation for sex and age. This is consistent with the relationship between GABA+ and a more general cognitive task (the Montreal Cognitive Asessment) found by Porges et al. [19] in a group of older patients. The fact that two well-powered studies, ours and that of Porges et al. [19] , converge in finding a relationship between anterior cingulate GABA and a complex cognitive ability declining with age adds import to this result, especially given the frequent lack of replicability of imaging findings. Moreover, the overlap between the findings of these two studies bolsters the argument that GABAergic transmission is involved in cognitive decline well before the appearance of frank cognitive deficits. It is therefore possible that alterations of GABA transmission might be very early occurrences in the chain of events leading to cognitive disturbances of aging. No other ratio to Cre reached statistical significance, although 95% CIs for betas overlapped across ratios. The latter finding may be due to (1) the rather shallow slope of the association of GABA +/Cre with WCST performance; (2) to the fact that all ratios have the same denominator, which reduces their mathematical independence; and (3) to the fact that there is a biological correlation among some of the metabolites (e.g., NAA has been associated with glutamate levels [43] and GABA and Glu are in the same metabolic pathway).
The WCST is a widely used index of executive function and dynamic, feedback-guided problem solving. The association of GABA+/Cre with WCST performance in the dACC was not found in the WM, likely implying a selective cortical mechanism consistent with the higher concentrations of GABA and Cre in the cortex as compared to WM [31] . The association of GABA+/Cre with WCST performance was likely due to both the numerator and the denominator of the ratio, since both GABA+/water and Cre/water were significant and fully independent of each other in the results shown in Table S2 (they explained about 2.5% and 4% of the variance in WCST performance, respectively, while age explained about 5%).
Proportion of CSF and GM in the voxel were associated with age, as expected, but not with WCST performance when age was accounted for. Thus, we lacked statistical evidence to support adding CSF or GM proportion in our models. However, we cannot rule out that with improved measurement precision, effects of CSF and GM might have been detectable. These variables did not account for a significant portion of variance in WCST performance when introduced in the same model as GABA+/Cre, therefore their potential role as independent mediators of the relationship of age to WCST performance is likely to be weaker than, and independent of, GABA+/Cre.
Mediation analysis GABA+/Cre in the dACC was a statistically significant mediator of the association between age and WCST performance ( Table 4 ), suggesting that reduced GABA and increased Cre in the dACC are factors contributing to poorer problem solving and cognitive flexibility with age. Few other investigations have explored mediation effects of metabolites measured with MRS on cognitive function. Gomar et al. [44] examined the precuneus in a sample older than 50 years of age and found that associations of Cho/Cre with a composite measure of broad cognitive ability varied as a function of APOE genotype (including APOE-4), but these investigators did not examine GABA. CSF and measures of Alzheimer pathology (e.g., estimates of amyloid concentration) were not included in this analysis. We found only weak evidence for a decline in IQ with age (p < 0.01 uncorrected) within the relatively younger age range considered here. Rowland et al. [20] demonstrated a modest role for GABA in the dACC in predicting verbal working memory performance, but these authors did not test for age effects. Porges et al. [19] did not report beta values making it difficult to determine if their results were likely to support a mediation effect similar to the one found here.
Our findings are in line with literature from animal models showing a contribution of GABA-related deficits of inhibition to cognitive aging [45] . Since spectroscopy detects total metabolite levels rather than synaptically active GABA, our data cannot be interpreted to reflect inhibitory function per se. Despite this consideration, however, experiments in animal models and cell culture where intracellular concentration of GABA was increased by inhibition of GABA transaminase resulted in increased cytosolic and vescicular GABA [46] , as well as depolarization-and electrical stimulation-evoked release of endogenous GABA [47, 48] , indicating some degree of equilibrium between intra-and extracellular compartments. The MRS technique used here does not provide information on GABA-a or GABA-b receptors, which are important in modulating cognition, at least in animal models [49] . Our findings implicating GABAergic transmission might also be compatible with the observation that β-amyloid accumulation can cause selective dysfunction of parvalbumin positive inhibitory interneurons [2] , and that inducing overexpression of sodium channels (Nav1.1, produced by SCN1A) in these cells can ameliorate memory dysfunction in animal models of Alzheimer disease [50, 51] . A contribution of energy-related mechanisms, possibly indirectly indexed by the Cre peak, is also suspected to play a part in cognitive aging [52, 53] , and a hypothesis has been advanced that inhibitory interneurons with high energy demands are particularly important for cognitive decline [54] .
Some limitations of this study are discussed in the Supplementary Material.
CONCLUSIONS
In summary, cognitive decline with age through middle adulthood, as assessed by WCST performance, appears to be partly mediated by GABA+/Cre levels, pointing to specific biologic mechanisms in the dACC. Further dissection of these mechanisms in animal models could be important in understanding the biology of disease associated with aging. Moreover, longitudinal studies will play a central role in confirming these findings.
